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Free radicals induce lipid peroxidation, playing an important role in pathological processes. The injury mediated by free radicals can

be measured by conjugated dienes, malondialdehyde, 4-hydroxynonenal, and others. However, malondialdehyde has been pointed out
as the main product to evaluate lipid peroxidation. Most assays determine malondialdehyde by its reaction with thiobarbituric acid,
which can be measured by indirect (spectrometry) and direct methodologies (chromatography). Though there is some controversy
among the methodologies, the selective HPLC-based assays provide a more reliable lipid peroxidation measure. This review describes

significant aspects about MDA determination, its importance in pathologies and biological samples treatment.
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INTRODUCTION

Cells continuously produce free radicals and reactive oxygen
species (ROS) as part of their metabolic processes.! ROS can be pro-
duced by either breakage of covalent bond, addition of electrons to a
molecule or removal of hydrogen by other radicals. They are generally
highly reactive species and typically act as electrophilic species or
oxidant agents. The most important radicals or pro-oxidant molecules
involved in disease processes are superoxide (O,"), hydroxyl radical
(OH), hydrogen peroxide (H,0O,) and certain oxides of nitrogen, like
nitric oxide (NO) and peroxynitrite (ONOO").?

The overproduction of reactive species results in oxidative stress.
In other words, it can be a combination of an increased formation of
oxygen-nitrogen derived radicals and reduced antioxidant capacity,
causing an imbalance that might result in the attack of cellular compo-
nents, especially lipids. It has been implicated in the pathogenesis of
various diseases including diabetes,® cancer,* and atherosclerosis.>*

Since it is complex measuring free radicals directly in vivo, it
is necessary to carry out the quantification of cellular components
which can react with these free radicals, such as proteins,* DNA” and
mainly lipids.® Once lipid peroxides are unstable compounds, they
tend to degrade rapidly in a variety of sub products. MDA is one of
the most known secondary products of lipid peroxidation, and it can
be used as a marker of cell membrane injury.’ Lipid peroxidation can
also be assessed by measurement of conjugated dienes,'® ethane and
pentane gases,'! isoprostanes'? and 4-HNE.’ Another way to measure
the oxidative damage is by protein'® and DNA modifications,” but
these markers many times can be formed by pathways other that
from free radicals. Thus, MDA is far the most popular indicator of
oxidative damage to cells and tissues.

Since the 1960s, several methods have been developed to assess
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MDA, including quantitative methods using spectrophotometry or
fluorimetric detection, high performance liquid chromatography
(HPLC), gas chromatography and immunological techniques.'*!?

In this review, we will discuss the validity, advantages and di-
sadvantages of using MDA as an indicator of oxidative stress, and
the methods for its determination, including determination by HPLC
with different detectors, colorimetric techniques, which have been
widely criticized, and gas chromatography techniques.

LIPID PEROXIDATION AND MDA

Lipid peroxidation is a free-radical-mediated chain of reactions
that, once initiated, results in an oxidative deterioration of polyun-
saturated lipids. The most common targets are components of biolo-
gical membranes. When propagated in biological membranes, these
reactions can be initiated or enhanced by a number of toxic products,
including endoperoxides and aldehydes.'®

MDA is a three-carbon, low-molecular weight aldehyde that can
be produced by different mechanisms. Dahle er al.'” postulated a
mechanism of MDA formation based on the fact that only peroxides
that possessed o or B unsaturations to the peroxide group could be
capable of undergoing cyclization to finally form MDA.

A MDA formation route is described in Figure 1. The target of reac-
tive species is the carbon-carbon double bond of polyunsaturated fatty
acids (I). This double bond weakens the carbon-hydrogen bond, allowing
easy abstraction of the hydrogen by a free radical. Then, a free radical can
abstract the hydrogen atom and a lipid free radical is formed (II), which
suffers oxidation generating a peroxyl radical (III). The peroxyl radical
can react with other polyunsaturated fatty acids, abstracting an electron
and producing a lipid hydroperoxide (IV) and another lipid free radical.
This process can be propagated continually in a chain reaction.>'® The
lipid hydroperoxide is unstable and its fragmentation yields products
such as malondialdehyde (V) and 4-hydroxy-2-nonenal.
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Figure 1. Schematic steps of MDA formation from polyunsaturated fatty
acids

Studies have showed that a considerable amount of MDA can
potentially be derived from the following sources: fatty acids with less
than three double bonds.!** In this case, MDA production is partially
due to the secondary oxidation of primary carbonyl compounds;'®?!
endoperoxides involved in the synthesis of prostaglandins;' iron-
dependent oxidative degradation of amino acids, carbohydrates,
pentoses and hexoses and from free radical products produced by
gamma irradiation.?

In physiological conditions, oxy-radicals are part of the normal re-
gulatory course of the organism and the cellular redox state is closely
controlled by antioxidants. When the levels of free radicals increase
and both the enzymatic systems and low molecular antioxidants are
not sufficient to protect the organism, these radicals attack membranes
and cells. This process is particularly important in the vascular system,
where they can damage the endothelium by peroxidation and initiate
the atherosclerotic lesion.”

NO is known as a vascular smooth muscle tone controller, it
inhibits platelet activation, modulates apoptosis and inflammatory
cell aggregation and activation at low concentrations. On the other
hand, NO can react with superoxide anion (O,) to form peroxynitrite
(ONOO), which is highly cytotoxic. The damage of the vascular en-
dothelium is always followed by vasoconstriction, platelet aggregation
and inflammatory cell adhesion, which lead to an increased production
of NO and, consequently, ONOO'. Associated with other factors, the
overproduction of NO is one of the most important issues involved
in the development of lipid atherosclerotic plaques.?

In the last 20 years, MDA has been recognized as an important
lipid peroxidation indicator, since subjects affected by several diseases
have the MDA levels increased.>*

The involvement of lipid peroxidation in cancer is a good ex-
ample; cancer results from the accumulation of the multiple muta-
tions in key growth regulatory genes. These genetic changes are a
consequence of both the instability of DNA and DNA replication
errors which result from exposure to exogenous genotoxins>?¢ and
reactive oxygen species.”” MDA is a potentially important contributor
to DNA damage and mutation that is produced endogenously via lipid
peroxidation. Cirak et al.”® suggest that oxidative stress is increased in
malignant brain tumors with higher levels of serum and tissue MDA
when compared to healthy controls. Thus, MDA can be used as one
of the markers for diagnosis and follow up malign tumors.

In diabetes, persistent hyperglycemia may cause high produc-
tion of free radical attributed to protein glycation or glucose auto-
oxidation.”” MDA levels were found higher in Type 2 diabetics than
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in healthy controls in a study carried out by Kesavulu et al.® The
research group also observed that diabetic patients with coronary heart
disease had higher levels of MDA than those diabetics without this
disease. It shows that cardiovascular diseases have also been related
to free radical-mediated mechanisms and to lipid peroxidation, along
with the fact that they are a major cause of mortality and morbidity in
hemodialysis patients. Study reported by Scott et al.** demonstrated
that plasma MDA values were elevated in hemodialysis patients and
higher in hemodialysis patients with cardiovascular complications.

Finally, MDA is increased in Alzheimer’s disease. The central
nervous system is vulnerable to lipid peroxidation owing to high
brain oxygen consumption and also to its rich polyunsaturated fatty
acid content; it is relatively deficient in antioxidant enzymes*' as well.
Marchasson et al.* found plasma MDA levels higher in Alzheimer’s
disease patients than in healthy controls.

In fact, MDA measurement is very important in pathological
states, but it has also a large significance on the toxicological effects
of pollutants such as metals, solvents and xenobiotics in humans
and animals. MDA quantification has been widely used in studies
involving the toxicity mechanism of several substances, as paraquat,®
carbon tetrachloride® and metal exposition, as cadmium,* alumi-
num.> Moreover, the effects of a mixture containing substances from
petroleum industry on the activity of enzymes and the biochemical
parameters have been studied.’” However, the exact role played by
lipid peroxidation on cellular toxicity has not yet been clearly identi-
fied whether lipid peroxidation is the cause or is a secondary out come
of cellular injury. Thus, the elucidation of this question will have to
wait additional experimental and clinical studies.

Besides MDA as an index of lipid peroxidation, 4-hydroxynon-
enal (4-HNE) has an important role in oxidative stress. 4-HNE is
an aldehyde formed by peroxidation of ®-6 fatty acid.” Millimolar
concentrations of 4-HNE take to depletion of glutathione, inhibition
of DNA, RNA and protein synthesis and they are acutely cytotoxic.”
This aldehyde may be measured by highly specific and sensitive gas
chromatography/mass spectrometry (GC/MS) methods,® which are
expensive and uncommon techniques in laboratories.

The peroxidation of unsaturated fatty acids is accompanied by the
formation of conjugated dienes that reflect an early stage of oxidative
stress.® Further limitations of this technique are that production of
dienes continues to occur ex vivo, and absorption of these compounds
at 230-235 nm is not specific for lipid peroxidation products.'’

A non-invasive measure of lipid peroxidation concerns the mea-
surement of a group of volatile hydrocarbons, the alkanes, including
ethane, pentane and isoprene'! that are formed by polyunsaturated
fatty acids oxidation. The methodology used is GC, which, besides
being expensive, has difficulty to separate pentane and isoprene,
because of their similar boiling points.** Additionally, hydrocarbon
gases are produced by bacteria and are susceptible to varying rates
of in vivo metabolism.*!

Another measure that has been used to detect the extent of lipid
peroxidation is F2-isoprostanes, isomers of prostaglandins produced
by non-cyclooxygenase dependent peroxidation of arachidonic acid.*?
Although isoprostanes are not a major product of lipid peroxida-
tion, they can be easily detected by GC/MS,* however it is a time-
consuming and expensive technique.

Various reactive electrophilic compounds from lipid peroxidation,
in particular MDA, have been showed to be mutagenic and genotoxic,”
which can lead to cancer formation. MDA can react with nucleic acid
bases at physiological pH and forms adducts with deoxyguanosine
(dG), deoxyadenosine (dA) and deoxycytidine (dC),” such as the
pyrimido [1,20]purin-10(3H)-one (M,G), the N°-(3-oxopropenyl)
deoxy-adenosine (M, A) and the N*-(3-oxopropenyl-deoxycytidine
(M,C). These products can be measured by GC/MS, which is a spe-
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cific technique, and enzymatic assays.* Another probable toxic action
of MDA is its cross-linking with collagen, which may contribute to
the stiffening of cardiovascular tissue.*

An increase in blood protein carbonyls has been reported in oxida-
tive stress. When reactive oxygen and nitrogen species attack amino
acids, lipids and carbohydrates, carbonyls groups are produced and
measured by HPLC or immune assay techniques,* however, these
techniques have been criticized as being non-specific and unreliable.
Besides, the protein carbonyls quantification did not reflect the lipid
peroxidation, but the protein oxidation.

Although others biomarkers can be used to measure the lipid
peroxidation, the MDA quantification in pathologies and toxicology is
the most utilized, and different chemical methods have been described
for its measurement. The techniques widely used are determination
of MDA-TBA complex by indirect spectrophotometry or fluorimetry
and by direct HPLC with different detectors. MDA molecule is small,
polar and highly water-soluble, making it difficult to extract. It con-
tains no eletrophore, chromophore or fluorophore that would enable
detection at the requisite sensitivities for biological study, moreover
MDA is relatively unstable. Therefore, analytical derivatization is a
commonly employed solution to these difficulties and, chromatogra-
phic methodologies have been considered as a more specific measure
than the widely used technique of determining thiobarbituric acid
reactive substances.

BIOLOGICAL SAMPLES
The choice of the sample for MDA determination

The measurement of MDA values can be made in a variety of
biological samples. The use of thiobarbituric acid reactive substances
(TBARS) assay has been carried out in plasma,**#>! serum,** different
tissues, 47433 and occasionally in urine.>*

Urinary MDA is excreted mainly in form of adducts with ly-
sine and its N-acetylated derivative, indicating an association with
proteins.** Therefore, urinalysis for aldehydic products of lipid
peroxidation can be done, but this technique has not proved to be
a reliable method to indicate the general state of oxidative stress.
Urinary excretion of MDA is prejudiced by ingestion of lipids and
exercises.* Thus, as pointed out above, the quantification of MDA
in urine has low clinical significance.

Tissues used in measurement of MDA, such as brain, liver, lung,
kidney and heart, may be homogenized with phosphate-buffered
saline and kept on ice. Brain is more sensitive to in vitro oxidation
than other organs because of its higher contents of polyunsaturated
fatty acids.* In fact, the tissue auto-oxidation in vitro can be used to
assess its susceptibility to oxidative stress.’*

The evaluation of the lipid peroxidation in tissues is a good marker
to measure the extent of the oxidative stress, but it is important to con-
sider that these biological samples can only be used in experimental
studies. Therefore, plasma sample is still the most used.

Sample preparation and storage

Once the most used biological sample is plasma, literature data
indicate what type of anticoagulant can be used in MDA assay:
sodium heparin,*** sodium citrate* and tripotassium EDTA. #4951
EDTA seems to be preferable over citrate and heparin, because low-
est plasma MDA levels are found, probably related to iron chelation
by EDTA in the TBARS assay as well as its weak activity such as
an antioxidant.’” On the other hand, it is important to consider that
EDTA can complex with iron ions, forming the Fe-EDTA complex,
which can participate in the Fenton reaction, forming the OH" radical
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and overestimating the lipid peroxidation.*®

Blood samples may be kept at 4-5 °C until centrifugation*** to
prevent transformation of MDA in other compound or its reaction
with other cellular components, resulting in erroneous results.

Researches showed that samples were stable at -20 °C for a
month, and for periods longer than this, it is recommended to store
the samples at -80/-85 °C.#563

To prevent further formation of MDA during the assay, an anti-
oxidant can be used; butylated hydroxy-toluene (BHT) is one of the
most widely used compound.**568 However, Karatas et al.>> did not
find difference between the amounts of MDA-TBA adduct with and
without BHT. On the other hand, a study by Pilz ez al.®' demonstrated
clearly that the reduced MDA levels are merely the effect of ethanol
alone — probably by the protein precipitation — and not of the BHT,
once the BHT is dissolved in ethanol or methanol. This effect was also
observed in the work from Grotto er al..>' Using Ohkawa’s method®
we observe that the presence of SDS reduces autoxidation of tissues
during the preparation of the sample or during the heating step.

Usually, biological sample is mixed with an acid to precipitate
proteins. It can be used different acids and concentrations: 0.66 N
of H,SO,,*” 0.1 M of HCIO,,** 0.44 M, 1 or 6% of (orto) phosphoric
acid,*s1% respectively, 7.2% of TCA.%® After centrifugation, TBA
is added to supernatant® and the reaction is effectuated by heating
around 95 °C during 60 min.*

METHODS FOR MDA DETERMINATION
TBARS assay

In 1968, Yagi et al.®® applied the reaction of TBA with MDA and
linked chromogens to lipoperoxides in biomaterials; this reaction was
carried out at 95 °C, in acid conditions, resulting in the well-known
method “thiobarbituric acid reactive substances” (TBARS). Its
product can be detected by colorimetry (532-535 nm) or fluorimetry
(excitation at 532 nm and emission at 553 nm).*

Formation of MDA-TBA, adduct occurs by a nucleophilic atta-
ck involving carbon-5 of TBA and carbon-1 of MDA, followed by
dehydration and similar reaction with a second molecule of TBA
(Figure 2), producing a red pigment.® The intensity of the pink
pigment formed from MDA-TBA condensation indicates the extent
of lipid peroxidation.
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Figure 2. Reaction between MDA and TBA to form the MDA-TBA2 pigment

The reaction velocity depends of the temperature, pH and concen-
tration of TBA. The maximum intensity of the pigment is obtained
in 60 min in boiling water bath;* the reaction rate is faster in acid
conditions,®> and when the concentration of TBA solution increased
from 20 to 80 mM, the reaction time decreased from 30 min to ap-
proximately 5 min.%

Although this is an easy and inexpensive method, the use of
TBARS test has received wide criticism over the years. The main
problem is the lack of sensitivity and specificity, since TBA reacts
with a variety of compounds such as sugars, amino acids, bilirubin
and albumin, producing interference in colorimetric and fluorimetric
MDA measurement. Therefore, TBARS test cannot be considered
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representative of oxidative stress, once it is unspecific for lipid pe-
roxidation, because other aldehydes and non-lipids materials present
in biological samples may also form TBA adducts.*

One of these interferences is the presence of a yellow chromagen
(max 450-460 nm) formed by a variety of aldehydic compounds reac-
ting with TBA and overlapping the pink peak of the MDA-TBA 2%
Other interference is a product of sucrose pyrolysis, that reacts with
TBA to form a pink chromogen absorbing at 532 nm, which is
formed in total absence of lipid peroxidation.* In addition, MDA is
not exclusively produced by polyunsaturated fatty acids. Radiation
and iron-dependent damage to amino acids, carbohydrates, peptides,
proteins and nucleic acids can also release intermediates which form
an MDA-TBA adduct.?>¢’

Proteins consist in a problematical aspect once albumin, for
instance, interacts with MDA-TBA adducts and this interaction may
lead to an inappropriate and strong increase in natural MDA-TBA
fluorescence, overestimating the authentic result in fluorimetric
assay.*® TBA derivatization procedure itself leads to the formation
of several unrelated fluorescent species showing the low specificity
of this technique.®® Thus, the wide reactivity of TBA with other
substances makes this technique non-specific and inappropriate for
measurement of MDA, producing a false overestimated result of
lipid peroxidation.

Furthermore, an additional important limitation is that MDA is
unstable for a long period of time, because its oxidation yields organic
alcohols and acid, not determined by the TBARS test.?*65¢

Thus, it could be supposed that the use of colorimetric or fluori-
metric techniques may give mistaken results, particularly in situations
such as initial stages of human diseases, where lipid peroxidation can
be smaller when compared to the non-specific background reaction
between TBA and products not derived from lipid peroxidation.*

Chromatography assay

The HPLC assay normally utilize a pre-treatment as derivatization
to enhance the sensitivity of an analysis by incorporating groups into
a derivative detectable at higher sensitivities, or are more lipophilic
and thus more readily extracted or exhibit superior chromatographic
properties. Therefore, the need for a more specific, reliable and
reproducible technique for measurement of MDA has prompted
modifications of currently available methods.

Bird et al.”® described high performance liquid chromatographic
(HPLC) techniques for determining MDA. HPLC assay for MDA is a
useful method to measure lipid peroxidation, since there is separation
of the MDA-TBA, adduct from other interfering compounds by re-
verse phase HPLC techniques. Several researches have adapted these
HPLC techniques*#-3%3 5o that the procedure offers some advantages
in terms of specificity, recovery and reproducibility.
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The initial analytical procedure to sample treatment is basically
the same from TBA test. Some steps, though, can be added to im-
prove the method. Extraction of the sample with n-butanol before
its injection into chromatographer®* is one of these, which avoid
interference formation and extend the lifetime of the column by re-
moving contaminants from incubation mixture.

Some researches discuss the difference between detection of free
and total plasma MDA.” Free MDA is unbound to proteins while
total MDA is bound. Only low amounts of free MDA are present
in biological samples, and alkaline hydrolysis step with NaOH is
necessary to obtain a more complete and uniformed release of protein-
bound MDA > resulting in a higher MDA value, once total MDA
is being considered.

The detectors more used are visible at 532 or 535 nm?4%0-56
and fluorescent.”®*’ There was a research that carried out MDA
determination with a UV absorbance detector.’®> The Table 1 shows
methodologies with the different detectors, presenting some MDA
levels in different samples. It is possible to notice that there is no
agreement among the techniques. The retention time of the methods
evaluated in this review ranged from 1.8 to 7.0 min and the reference
levels ranged from 0.2 x 10 to 4.45 uM of MDA.

Both visible and fluorescent detector are good at specificity and
sensibility, and respect analytical performances, including baseline
noise level, baseline drift, signal-to-noise ratio, sensitivity and specifi-
city.”® On the other hand, observing the Table 1, it is possible to verify
the high sensibility of the fluorescent detector. Fukunaga et al.” found
the lowest plasma MDA reference levels with fluorescent detection
compared with visible detection. However, if the biological samples
did not receive a pre-treatment as deproteinization or extraction, the
fluorescence of the MDA-TBA, complex can be increased in the
presence of albumin,* resulting in false increased of MDA.

In relation to UV detector, it becomes difficult to take a precise
conclusion because there is only one research about it. Furthermore,
the methodology offered in this work® is based on direct MDA
measurement and authors did not provide data about the MDA-TBA
complex formation.

Mobile phase is, in the majority of studies, methanol: potassium
phosphate buffer in concentrations from 10 to 50 mM. #3526 Grotto
et al”' did an important modification in mobile phase, employing water
instead of potassium phosphate buffer, preventing the damage of the
chromatographic system. Fukunaga et al.” used acetonitrile: water.

Examination of research data clearly indicates that the MDA quan-
tification by visible or fluorescent spectrophotometry methods is higher
than MDA levels obtained from HPLC techniques. These results are
certainly related to the fact that specrophotometric techniques are not
as specific as the HPLC techniques. Thus, HPLC methods are more
adequate for accurate detection of lipid peroxidation products.

Besides the HPLC methods, the MDA determination by gas chro-

Table 1. HPLC methods and their different reference levels (RL), recovery, retention time (RT), samples and detectors: fluorescent (F), ultra-

violet (UV) and visible (VIS)

Method RL2 uM Recovery RT (min) Sample Ref.
HPLC-F 0.47 NS* 3.75 Guinea pig plasma 58
HPLC- UV® 0.5 98.8% 1.6 Human serum 52
HPLC- VIS 0.11 101% 7.0 Human plasma 50
HPLC-F 0.2x 10° NS 2.0 Rat plasma 68
HLPC - UV* 2.16 93.6% 7.0 Human plasma 59
HPLC - VIS 4.45 99.1% 1.85 Human plasma 51

* NS = not specified. Reference level* = this value means the healthy subjects levels found obtained in the specific work that resulted in referent
manuscript. HPLC-UV®= in this method, direct MDA was measured, without TBA derivatization. HPLC-UV® = in this method it was used

2, 4-dinitrophenylhydrazine as derivative
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matography (CG) is a technique that has been widely used in the last
years. Since the MDA-TBA methodologies require extremely difficult
sample preparation processes, such as low pH and high temperatures,
and normally more sample are required.

On the other hand, CG methodologies need previous deriva-
tization, but did not require vigorous conditions or much sample
volume. Some of the main derivatives proposed are 2,3-propanediol,”
2-hydrazino-benzothiazole™ and pentafluoro-phenylhydrazine.’
Depending on the method, either free or bound MDA may be deter-
mined and aldehydes other than MDA can be identified. In addition,
headspace solid-phase micro extraction (HS-SPME) has been used
for the analyses of volatile aldehydes in biological matrices, and in a
recent study carried out by Fujioka and Shibamoto,” the HS-SPME
was applied to prepare samples for MDA analyses, improving the
sample preparation steps in lipid peroxidation researches. The disad-
vantage of this methodology is the high cost of the apparatus and the
need of a qualified person to manipulate the apparatus. Thus, there
was no time-consuming and no need of extensive biological sample
preparation, on the other hand sophisticated equipment is necessary,
which is not readily available to ordinary laboratories.

CONCLUSION

Estimating the extent of lipid peroxidation, it has a high significance
in pathologies and in toxicology associated with oxidative stress. MDA
is a good biomarker, but the most common methods to MDA detec-
tion, TBARS reaction by spectrophotometer or fluorescent detection,
are insufficiently sensitive and specific. TBA can react with several
cellular constituents other than those derived from lipid peroxidation
and less specifically with MDA. Fortunately, with fast development in
analytical techniques, TBARS assay can be used in association with
other indices of lipid peroxidation, such as 4-hydroxynnenal, conju-
gated dienes, ethane and pentane gases, and isoprostanes. Unluckily,
these methods have limitations because they are either too expensive,
too time consuming or their application needs specialized personnel.
Therefore, chromatography techniques are the preferred methods to
determine the true amount of MDA in biological materials, once they
are reliable and specific, without the presence of artifacts or methodo-
logical pitfalls. Thus, this separation technique helps in a more precise
determination of how oxidative injury derived from lipid peroxidation
participates in the pathogenesis of many diseases that afflict millions of
human subjects as well as the toxicological effects of pollutants such
as metals, solvents and xenobiotics in humans and animals. Comparing
CG and HPLC methodologies, both are also reliable and specific, but
CG, even needing a small sample, are more expensive than HPLC
methodologies and the equipment is considered more sophisticated
and is not frequently available in laboratories. HPLC UV-VIS is widely
used in clinical laboratory and there are methodologies utilizing little
sample-consuming with total reliability and specificity.
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